Sequences available in public protein databases belonging to nucleolin or nucleolin-like proteins have been aligned using public domain software, in order to obtain relevant data regarding the degree of their conservation, which could be a reflection of the degree of conservation of the functions currently attributed to this protein. Nucleolin is known to be a nucleolar multifunctional protein, involved in different steps of pre-rRNA transcription and processing. Three domains are constantly present in all nucleolins, namely a series of acidic/serin (Ac/Ser) sequences, a number of RNA recognition motifs (RRM) and a region rich in glycin and arginin (GAR). The number of motifs present in each one of the three domains is variable. Furthermore, we have characterized in all nucleolins the presence of a bipartite consensus nuclear localization sequence (NLS). The only cases in which this sequence with a definite structure was not totally evident were in the yeast S. pombe (a possible monopartite structure) and in the protozoan T. thermophyla, in which it appears to be absent. Finally, we have constructed the phylogenetic tree of the 15 species investigated, taking exclusively the data regarding this protein. Interestingly, the tree obtained closely resembles the organization of these taxonomic groups throughout evolution, as it is presently known. We conclude that nucleolin is a highly conserved protein, whose gene was already present in an ancestor eukaryotic species, at an early stage of the evolutionary process, from which it has evolved very slowly. This is a reflection of the fundamental functions carried out by this protein, which were already fixed in the ancestor species.
INTRODUCTION
Nucleolin is a nucleolar multifunctional protein which has been described in a large number of eukaryotic organisms. Most of the functions attributed to nucleolin are closely related to ribosome biogenesis, in which it participates in ribosomal gene transcription and pre-rRNA processing. Furthermore, nucleolin is the major nucleolar protein of actively proliferating cells (for reviews, see Olson 1991 , Tuteja and Tuteja 1998 , Ginisty et al. 1999 , González-Camacho and Medina 2004 . However, nucleolin has also been involved in the splicing process leading to the formation of mRNA, as a constituent of the spliceosome particle (Rappsilber et al. 2002) , as well as in the shuttling process between nucleolus and cytoplasm (Borer et al. 1989) . Furthermore, other than its major nucleolar localization, nucleolin has been found in the nucleoplasm, and also, in a minor proportion, in the cytoplasm (Martín et al. 1992 , Medina et al. 2001 .
The first studies on nucleolin were made in the seventies, when it was described as the C23 protein in Novikoff hepatoma cells (Orrick et al. 1973 , Prestayko et al. 1974 . Then, in the late eighties, nucleolin homologues were found and sequenced in various mammalian species, namely hamster , mouse (Bourbon et al. 1988) , human (Srivastava et al. 1990 ) and rat (Bourbon and Amalric 1990) . Studies in other organisms followed these early characterizations (Table 1) .
Nucleolin multifunctionality comes from its structural organization. The analysis of the amino acid sequence reveals the presence of three structural domains, whose functional significance has been shown in a number of studies. The N-terminal domain is characterized by the alternation of acidic and basic regions, and it contains the targets of phosphorylation by cdc2 kinase and casein kinase II (CKII) (CaizerguesFerrer et al. 1987 , Peter et al. 1990 , Belenguer et al. 1990 , De Cárcer et al. 1997 . The central domain contains, in mammals, four RNA recognition motifs (RRMs). Between two of these domains is found the bipartite nuclear localization sequence (NLS). Finally, the C-terminal domain consists of a sequence rich in glycins and arginins (GAR). The RRMs specifically interact with the external transcribed spacer (ETS) region in the primary prerRNA transcript, whereas the GAR domain is involved in the efficiency of nucleolin binding to RNA, but not in the specificity (Ghisolfi et al. 1992) . For detailed and extensive revisions of the structure and function of nucleolin, see Tuteja and Tuteja (1998) and Ginisty et al. (1999) .
Several nucleolar proteins, in different eukaryotic organisms, have shown a similar tripartite structural organization and, as far as we know, they are involved in the same functional events in ribosome biogenesis as described for nucleolin. This set of nucleolar multifunctional proteins has received the name: "nucleolin-like proteins". The availability of these sequences and the wide variety of organisms represented constitute a good starting point in the search for the identity of this group of proteins and the actual homologies between the different members.
NUCLEOLINS FROM CHORDATES, PROCHORDATES AND PROTOZOA
As indicated above, the earliest studies performed on nucleolin were carried out on mammals (hamster, mouse, rat and human). Taking the amino acid sequences of these nucleolins and aligning them by using the software "Clustal-W" (Thompson et al. 1994 ) (http://www.ebi.ac.uk/clustalw) results in: 77.1% of total sequence identity, 10.62% of high identity, 4.97% of weak identity and 7% of differences (Fig. 1 ). The alignment clearly shows that the four proteins present the modular structure in three structural and functional domains, as has been described earlier for CHO nucleolin . Therefore, the four proteins correspond to a common structural and functional model.
The structural organization of human nucleolin in functional domains is well known, as it is in other organisms. Nevertheless, the nucleolar localization sequence (NLS) is only evident in the sequence of human nucleolin (Srivastava et al. 1990 ), while it is not so clear in other species. This sequence is formed by three components: first, a motif of four constant amino acids (three lysins and one arginin), second, a spacer tract constituted by 11 amino acids, and third, a second constant motif of four amino acids (three lysins and one glutamin). The multiple alignment that we have obtained allowed us to localize the sequence described by Srivastava and co-workers and to compare it with the rest of the aligned sequences. The recognized sequences were shown to be identical to the human in relation to the bipartite signal, whereas the spacer sequence showed slight variations (Fig. 2) .
In general, the four mammalian nucleolins follow exactly the same scheme and share a very high proportion of their amino acid sequences; in fact, the identity rate is 93%. However, when comparing mammalian nucleolins with the nucleolin-like proteins characterized in other vertebrates, the identity is less apparent, although their organization in three domains appears evident as a common conserved feature.
The analysis based on multiple alignment and the similarities found in known domains showed that the GAR domain, the RRMs and the NLS practically do not vary as to their situation within the primary structure of the protein among vertebrates. The most variable motif is the aminoterminal domain. While chicken keeps the same organization as in mammals, carp and Xenopus contain important variations. In carp nucleolin, six acidic/serin (Ac/Ser) motifs were detected: four of them were identical to those of other vertebrates and the two new ones intercalate between the first and the second corresponding to the mammalian model. VKLAKAGKNQGDPKKMAPPPKEVEEDSEDEEMSEDEEDDSSGEE-VVIPQKKGKKAAATS ********.:*:.*********************:* ******* ***********::*. 70 80 90 100 110 120
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In the case of Xenopus, there is only one of these sequences added to the mammalian model, also located between the first and the second Ac/Ser motifs of this reference model. This specific sequence is aligned with one of the two sequences added in fishes (C. carpio) to the mammalian model, in particular with the second sequence (Fig. 3) . Regarding prochordates, the structure and the functional characterization of nucleolin of Ascidians was described by Tanaka et al. (2004) , after cloning and sequencing the gene CiRGG1. They propose the existence of a third RRM (in amino acids 163-231), and do not mention even the possibility of existence of NLS. However, in the alignment performed by us, we have found some matches in tracts which could correspond to NLS in all analyzed vertebrates, including Xenopus and C. carpio (Fig. 4) .
The NLS described for chicken nucleolin (Schmidt-Zachmann and Nigg, 1993) matches with that of the human nucleolin and nucleolins from other mammals. This alignment allows us to predict these sequences for other vertebrates, such as Xenopus and carp. In both cases it is a bipartite structure in which the first four amino acids in the amphibian are identical to those of the rest of vertebrates, the spacer region contains two amino acids less than in mammals and, from the last four amino acids, the mammalian glutamine is changed by a threonine. In the carp, the total number of amino acids in the structure is kept, although the composition is also slightly changed: from the first four, the fourth changes a lysin by an alanin, and, from the last four, glutamine is changed by alanin (Fig. 4) (Srivastava et al. 1990) 278 KRKKEMAKQKAAPEAKKQK 296 ******:*** .******* Fig. 2 . Sequences of the bipartite structure of nuclear localization (NLS) present in nucleolins from four mammalian species. Numbers indicate the position of the first and the last amino acid in each sequence. Asterisks show amino acids with identity, double dot, conserved amino acids and the single dot semiconserved amino acids. Underlined amino acids constitute the bipartite structure and non-underlined amino acids form the spacer sequence
If we follow the same strategy for the ascidian and the protozoan, we observe deeper changes. The protozoan nucleolin does not contain either GAR domain or NLS, and the central domain is formed by only two RRMs. The amino-terminal domain includes the same four Ac/Ser regions as the mammalian nucleolin, plus three additional ones. The presence of seven Ac/Ser regions and two RRMs was described by McGrath et al. (1997) in a paper in which the existence of a GAR domain is also postulated. Certainly, this putative GAR sequence would be formed by only four glycins, one prolin and one arginin (amino acids 449-454), which does not appear to constitute a true domain. Otherwise, the ascidian contains two GAR regions, one of them located between two of the RRMs which form the central domain. The NLS is located between the amino-terminal and the central domains, and exhibits the bipartite structure common to all cases analyzed up to now (Fig. 3) . From the first four amino acids of NLS, a lysin is changed by an alanin in the ascidian nucleolin with respect to the vertebrate model; the same as in the fish. Regarding the second element of the bipartite structure, the third amino acid is changed, appearing glutamin instead of alanin (Fig. 4) . Finally, the amino-terminal domain is formed by two Ac/Ser regions, from which the first is aligned with the second of the vertebrates, and the second contains the sum of the third and fourth regions of vertebrates (Fig. 3) . 
NUCLEOLIN-LIKE PROTEINS IN PLANTS
In a way similar to the previous cases, we have analyzed the structure of nucleolin-like proteins in plants. For this purpose, based on the domain prediction, we have designed a scheme for each protein, in which each domain has been identified, and on which the comparison of data has been performed. Two basic strategies were utilized for prediction: the first was founded on the existing identity among the various proteins, and the second, on the localization of domain sequences from known domains described in other proteins and available in public databases (Prosite, http://www.expasy.org/ prosite; PDB, http://www.rcsb.org/pdb).
Therefore, we carried out the sequence alignment of known proteins. The result between pea, alfalfa and tobacco was an absolute identity of 39%, 29% of similarity and 32% of differences. When Arabidopsis was introduced in the alignment, differences increased up to 47.7%, whereas, if only pea and alfalfa (both belonging to the same family) are aligned, the differences are reduced to only 17%.
The present knowledge of nucleolin NLS in plants is restricted to the hypothesis postulated by Tong et al. (1997) in peas. When they studied the amino acid sequence, they observed a short sequence, similar to the prototype signal of SV40 T-antigen, which was postulated as "potential NLS". If we study in detail this sequence (KKGK), we will find that it also appears in the amino acid sequences of alfalfa, tobacco and Arabidopsis, and in all cases they are perfectly aligned. Therefore, the proposal of this sequence as NLS in peas and, by analogy, in the other three plant model species, could be correct. Furthermore, if we extend the sequence analysis, we observe that, after 12-13 amino acids from the first sequence, there is another short sequence, KKQK, which is located and aligned in the same position for the four species. This fact, together with the identification of this sequence as the second part of the bipartite NLS in mammals, strongly suggests that plant NLS is formed by a bipartite structure. The two sequences forming this bipartite structure are perfectly conserved among plants, whereas the spacer sequence is highly variable (Fig. 5) .
The localization of NLS in plants is different from that in animals. This sequence is not located between the amino-terminal and the carboxiterminal domains, but it lies at the beginning of the protein sequence, near the amino-terminal end, in a position prior to the repeated Ac/Ser sequences. Regarding the GAR domain, it is located in the carboxi-terminal end, like in vertebrates, and is rather conserved in plants, except in the case of Arabidopsis, in which it appears highly modified. (Tong et al. 1997) to nine in alfalfa (Bögre et al. 1996) and Arabidopsis (Fig. 6 ). 
NUCLEOLIN-LIKE PROTEINS IN YEAST
Alignment of known yeast nucleolin-like proteins resulted in a total identity of 44% and differences of 32.3%. The nucleolin-like protein of S. cerevisiae was called NSR1 (Lee et al. 1991) , and contains three main domains corresponding to the general model. This protein resembles the plant scheme in that it contains only two RRMs in the central domain. With regard to NLS, it was proposed that the sequence KKRKS could correspond to this function, in a similar way as with peas (see above). Also in this case, after a spacer sequence of 13 amino acids, the sequence KKQK appears, exactly as in vertebrates and plants, which indicates that yeast nucleolin-like proteins also contain bipartite NLS (Fig. 7) . The primary structure of the protein gar2, the nucleolin-like protein of S. pombe, has the typical nucleolin organization (Gulli et al. 1995) , but these authors postulate an additional basic domain in the amino-terminal end, which is also proposed by them for NSR1. Otherwise, no clear data are provided for NLS. According to Léger-Silvestre et al. (1997) , a bipartite signal is located between the last Ac/Ser sequence and the first RRM. A fusion protein which was constructed containing only the amino-terminal region of gar2, lacking RRMs, is considered sufficient for nucleolar localization (Léger-Silvestre et al. 1997) . Nevertheless, the alignment of NSR1 (S. cerevisiae) with gar2 (S. pombe) shows that the first four amino acids of the NLS of NSR1 are identical to those of gar2, but the spacer sequence and the second part of the bipartite structure are not present in gar2, in which the sequence is highly modified and there is not any putative NLS beyond this point (Fig. 7) . This could indicate, if this sequence is indeed responsible for nuclear localization, the existence of a monopartite NLS for S. pombe. In the absence of more experimental data, the detailed analysis of the amino acid sequence reveals some fragments in the amino-terminal domain which could be responsible for the nuclear localization. In four cases (positions 3, 52, 72 and 75), the sequence KKXK is detected, and the positions 52 and 72 are separated by 16 amino acids, the last sequence being exactly KKQK; that is, the second component of the bipartite NLS in vertebrates, plants, and also NSR1. Any of these sequences is a candidate for being the NLS, and all of them are present in the mutant constructed by Léger-Silvestre et al. (1997) .
PHYLOGENETIC ANALYSIS OF NUCLEOLIN AND NUCLEOLIN-LIKE PROTEINS
The high identity of the distinct proteins as to their primary structure, the presence of the same domains in all of them, and the same location of these in the primary structure of each group of organisms, lead us to think of the existence of common ancestor for these proteins, which, then, could be defined as homologous protein. In order to test this hypothesis, we performed a phylogenetic analysis of the fifteen species in which the whole sequences of their nucleolins (or nucleolin-like proteins) are known.
For this purpose, the sequences of all of them were aligned using the software "Clustal-W",followed by the construction of the phylogenetic tree and the correction of distances by the algorithm "Jukes-Cantor Distance". The tree generated in this way establishes relationships among the organisms in the same way as they are currently known to be related by means of the bulk of biological data. It is remarkable that the study of a single protein produces such an exact representation of the phylogeny of fifteen organisms as diverse as those with which we have been dealing. This fact evidences that the amino acid sequences of proteins store considerable evolutionary information.
In conclusion, all proteins studied in this work originated from the descent of an ancestor gene, which was already present in the ancestor species from which all concerned species have evolved. This means that nucleolin is a protein which has evolved slowly, most probably because the function carried out by this protein is a key function that was well established and well fixed in the ancestor species, even at the level of its molecular mechanism. Highly different organisms, such as the human being and yeast have in common a large proportion of their molecules. The evolutionary conservation of this protein makes possible the study of analogies and differences between organisms which are only distantly related.
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